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Longitudinal optical (LO) phonon-assisted luminescence spectra of free excitons in high-quality
ZnO crystal were investigated both experimentally and theoretically. By using the rigorous
Segall–Mahan model based on the Green’s function, good agreement between the experimental
emission spectra involving one or two LO phonons and theoretical spectra can be achieved when
only one adjustable parameter (effective mass of heavy hole) was adopted. This leads to
determination of the heavy-hole effective mass mh\¼ (0.8 m0 and mhk¼ 5.0 m0) in ZnO. Influence
of anisotropic effective masses of heavy holes on the phonon sidebands is also discussed. VC 2011
American Institute of Physics. [doi:10.1063/1.3549724]
I. INTRODUCTION
Zinc oxide (ZnO) has received a renewable great deal of
interest in recent years due to its unique physical properties
and potential technological applications in the new kind of
exciton-based photonic devices.1–5 An essential reason for
developing ZnO-based photonic devices is that the extremely
large binding energy (60 meV) of free excitons in ZnO5–7
can lead to dominant excitonic radiative recombination at
room temperature or even higher temperatures. Thus fabrica-
tion of ZnO-based photonic devices with higher quantum
efficiency and lower threshold pumping energy is a straight-
forward expectation. However, such expectation may be
challenged by the strong coupling of free excitons with lon-
gitudinal optical (LO) phonons in ZnO.8–11 For example,
Shan et al. experimentally show that the LO-phonon-assisted
emission rather than direct radiative recombination of the
free excitons actually dominates at the room-temperature
photoluminescence (PL) spectrum of ZnO.12 Full exploita-
tion of ZnO-based photonic devices certainly demands a bet-
ter understanding of fundamental optical properties such as
exciton-phonon interactions and their role in the light emis-
sion of free excitons in ZnO. Therefore, a detailed investiga-
tion of temperature-dependent LO phonon sidebands (PSBs)
of free excitons in ZnO is indispensable. In this paper, we
report a combined theoretical and experimental study of the
temperature-dependent LO-PSBs of free excitons in ZnO. In
particular, anisotropic effective masses of heavy hole in ZnO
are determined.13,14
II. EXPERIMENTAL AND SEGALL–MAHAN
THEORETICAL MODEL
The ZnO samples used in the present study were
commercial bulk crystals (Commercial Crystal Laborato-
ries). The 325 nm He-Cd laser with about 35 mW output
power was employed to illuminate the Zn-terminated
(0001) surface of the sample at an incident angle of about
45. During the variable-temperature PL measurements,
the sample was mounted on the cold finger of a Janis
closed cycle cryostat with the varying temperature range
of 4–300 K. The emission signal was dispersed by a
SPEX 750M monochromator with 1200 lines/mm grating
and detected by a Hamamatsu R928 detector. Standard
lock-in amplifier technique was also employed to enhance
the signal-to-noise ratio.
In order to achieve a deeper understanding of the tem-
perature-dependent LO PSBs of free excitons in ZnO, we
first calculate the first-order (1LO) and the second-order
(2LO) PSBs of free excitons in ZnO using the Segall–Mahan
(S–M) theory.15,16 The validity and effectiveness of the S–M
model in the calculations of the LO phonon-assisted transi-
tions of free excitons in wide gap polar semiconductors have
been recently checked in GaN which is another wide gap
semiconductor with wurtzite structures.17,18 According to the
S–M theory, the absorption coefficients for the processes
involving one phonon and two phonons can be calculated
by15,16
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respectively. The definitions and physical meanings of vari-
ous quantities can be referred to in Refs. 15, 16, and 18.
Under certain conditions, the transition probabilities for
emissions are related to the absorption coefficients by10
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WemðxÞ / ex=kBTanðxÞ; n ¼ 1; 2: (3)
In the present work, we are mainly concerned with the
influence of the effective mass of free excitons, in particular,
heavy hole on the first- and second-order PSBs in ZnO. In
Eqs. (1) and (2), Mk is the total effective mass of free exci-
tons in the c axis of ZnO, l\ the reduced effective mass in
the direction perpendicular to the c axis, M¼meþmh the
total effective mass of free exciton, and l¼memh=(me¼mh)
the reduced effective mass of free exciton. Considering the
anisotropic properties of ZnO with wurtzite structure,
meðhÞ ¼ ½meðhÞjj  m2eðhÞ?1=3 is taken in the calcula-
tions.15,16,18 In addition, I(x) and In(x) in Eqs. (1) and (2),
respectively, are also related to the effective mass of free
exciton.15,16,18 Therefore, the effective mass of free exciton
and thus heave hole has important influence on the first- and
second-order PSBs of free exciton in ZnO.
III. RESULTS AND DISCUSSION
Figure 1 shows that the theoretical absorption spectra
(lines plus solid circles) and the emission curves (solid lines)
of the first- and second-order LO phonon-assisted transitions
of free excitons in ZnO at 146 K. The parameters used in the
calculations are listed in Table I. From the figure, it can be
seen that the absorption spectra for the optical transitions
involving one or two LO phonons have two distinct onset
points at energies of EA,1–xl or EA,1–2xl, respectively. Here
EA,1 and xl represent the energy of the ZPL of free excitons
and the characteristic energy of LO phonons at the zone cen-
ter in ZnO. However, the distinct peak positions of 1LO- and
2LO-PSBs obviously departure from EA,1–xl and EA,1–2xl,
respectively. In other words, the energy spacings from the
peaks of 1LO- and 2LO-PSBs to the ZPL deviate from one
and two units of LO phonon characteristic energy, respec-
tively. For example, the energy spacings for 1LO- and 2LO-
PSBs are 58.2 and 135.3 meV with respect to EA,1¼ 3.3647
eV at 146 K, respectively. In particular, the energy spacing
for 1LO-PSB is significantly smaller than the standard
energy unit of LO phonons. Furthermore, both PSBs exhibit
unique asymmetric line shape. In fact, these spectral features
of PSBs basically reflect the thermal distribution of free exci-
tons at their higher excited states that make important contri-
butions to the phonon-assisted radiative recombination of
free excitons at higher temperatures.16–18
Now we turn to discuss the experimental results and
direct comparison with the theoretical curves. In Fig. 2, we
compare the theoretical emission curves (solid lines) and
measured luminescence spectra (thin solid lines plus solid
circles) at three typical different temperatures of 116, 136,
and 146 K. The ZPL lines of free excitons and bound exci-
tons are donated by FXA and D0X, respectively. The 1LO-
and 2LO-PSB of free excitons are marked by 1LO and 2LO
in the figure, respectively. The phonon sidebands of bound
excitons have become very weak at the moderately high tem-
perature range. Considering the complexity of many-body
(photon–exciton–phonon) interactions in the case studied in
the present work, agreement between theory and experiment
is reasonably good. It should be noted that only the heavy-
hole effective mass is adjustable parameter in the theoretical
calculations. Our experimental luminescence spectra at
higher temperatures (not shown here) also support Shan
et al.’s conclusion that 1LO-PSB gradually becomes domi-
nant over its parents line—the ZPL line with increasing tem-
perature. It is difficult to find the “peaks” of PSBs at
temperatures higher than 180 K due to the strong asymmetric
broadening of the PSBs, especially 1LO-PSB that is strongly
overlapping with the ZPL line at these higher temperatures.
At low temperature range lower than 116 K, although the
peak positions of PSBs between theory and experiment agree
quite well, the theoretical line shape of PSBs, especially
2LO-PSB, is wider than the experimental spectra. A possible
major factor causing such discrepancy is the Boltzmann dis-
tribution approximation of free excitons adopted in the pres-
ent calculations. In fact, the exciton gas obeys Bose–Einstein
statistics of quantum mechanics. Therefore, adopting Boltz-
mann statistics for the exciton gas in the calculation of the
emission spectra from the absorption coefficients [i.e., Eq.
FIG. 1. (Color online) The solid lines are the calculated emission spectra of
free excitons involving one or two LO phonons in ZnO at 146 K while the
lines plus symbols represent the calculated absorption spectra (logarithmic
scale) at the same temperature.
TABLE I. Parameters used in the calculations of the absorption coefficients.
Parameters Symbol ZnO
Electron effective mass (unit of m0) me 0.24
a
Hole effective mass (unit of m0) mh\ 0.8
mh|| 5
Exciton binding energy (meV) B 60b
LO phonon energy (meV) gx1 72
a
Statistic dielectric constant es¼ (e\ek)1/2 7.88a
High-frequency dielectric constant e1¼ n\nk 4.0a
Dielectric constant at EA,1 in the
absence of n¼ 1 exciton
e0 6.2a
Zero-frequency polarizability due to
n¼ 1 A, B, or C exciton (e\c)
4pbA,1 0.0066
a
4pbB,1 0.0227
a
4pbC,1 0.0300
a
aReference 15.
bReference 6.
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(3)] could lead to overestimation of the line shape of emis-
sion spectra, in particular, at low temperatures. For the calcu-
lation of 2LO-PSB, more approximations have to be
introduced due to increase of complexity and difficulty in the
mathematic treatment.15,16 These approximations could be
responsible for the a bit more deviation of theoretical 2LO-
PSB spectra from the experimental spectra at low tempera-
tures. In addition, the influence of the bound exciton related
emissions should be mentioned. At low temperatures below
around 80 K, the LO phonon sidebands of bound excitons
are relatively stronger.19 Although they located at the lower
energy side of the corresponding phonon sidebands of free
excitons and are well resolved, the appearance of these peaks
still at a certain content hinders the accurate theoretical inter-
pretation of the phonon sidebands of free excitons under
study. Fortunately, the intensities of the phonon sidebands of
bound excitons rapidly drop with increasing temperature, so
that at moderately high temperatures, the LO phonon side-
bands of free excitons can be well quantitatively calculated
using the S–M theory. It is worth mentioning another inter-
esting phenomenon that 2LO-PSB is unusually strong. For
example, it is even stronger than 1LO-PSB at temperatures
below 116 K. In GaN, such phenomenon is at least not sub-
stantial.20 The physical origin causing the unusual phenom-
enon has not yet understood and is being investigated.
The calculated (lines plus various solid symbols) and
measured (lines plus open circles) energy spacings of 1LO-
and 2LO-PSB with respect to the ZPL line versus temperature
are depicted in Fig. 3, respectively. The theoretical results
agree quite well with the experimental data. It should be
noted that the energy spacing for 2LO-PSB shown in the fig-
ure has been divided by two so that it can be directly com-
pared with the standard LO phonon energy (x1¼ 72 meV
marked by a horizontal arrow) and the energy spacing for
1LO-PSB. From Fig. 3, it can be seen that as the temperature
increases, the energy spacings of both PSBs gradually deviate
from the standard LO phonon energy. Moreover, the devia-
tion rate of 1LO-PSB is much higher than that of 2LO-PSB.
Similar phenomenon has been observed in wurtzite GaN.20
For this phenomenon, it can be clearly explained from an ap-
proximate expression for the free-exciton emission probabil-
ity involving m LO phonons. In the energy range near the
threshold (i.e., EA,1mxl), the emission probability can be
approximated as Wem(x)!D
(5/2)meD/ksT with D¼x
 (EA,1mx1).16 From this approximated expression, it is
not difficult to prove that the temperature dependence of the
peak positions of 1LO- and 2LO-PSB is EA,1x1þ (3/2)kBT
and EA,1 2xlþ (1/2)kBT, respectively.20,21 So, the energy
spacings of 1LO- and 2LO-PSB departure from the LO pho-
non energy at rates of (3/2)kBT and (1/4)kBT, respectively,
as the temperature increases.20,22
As mentioned earlier, the effective mass of heavy holes
is the only one adjustable parameter in the calculations.
Actually, the effective mass of heavy holes in ZnO is aniso-
tropic due to the hexagonal symmetry of crystal structure.
We also theoretically examine influence of the heavy-hole
effective mass on the energy spacings of 1LO- and 2LO-PSB
with respect to the ZPL line. In general, the temperature de-
pendence of both PSBs becomes weaker with increasing the
heavy-hole effective mass. As listed in Table I, when
mh\¼ 0.8 m0 and mhk¼ 5.0 m0 are adopted, the excellent
agreement between theory and experiment is achieved in the
interested temperature range from 6 to 150 K. It indicates
that the mhk of ZnO should be much larger than the rest mass
FIG. 2. (Color online) Measured PL spectra (lines plus solid circles) of ZnO
at three different temperatures of 116, 136, and 146 K. The phonon sideband
portions of the spectra were enlarged for a closer look and better comparison
to the calculated emission spectra (solid lines). The ZPL lines of free exci-
tons and bound excitons are donated by FXA and D0X, respectively,
whereas the 1LO- and 2LO-PSB of free excitons are marked by 1LO and
2LO in the figure, respectively. The dashed-dotted lines are used to guide
the eyes to look at the peak position variation of various emissions at differ-
ent temperatures.
FIG. 3. (Color online) Measured (lines plus open circles) and calculated
(lines plus various solid symbols) energy spacings of 1LO- and 2LO-PSB
with respect to the ZPL line, respectively, as a function of temperature. Note
that the energy spacing for 2LO-PSB shown in the figure is half the actual
energy spacing of 2LO-PSB relative to the ZPL for direct comparison to the
standard LO phonon energy.
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of free electron m0, which is in agreement with the latest the-
oretical results.23,24
IV. CONCLUSION
In conclusion, a combined theoretical and experimental
investigation on the temperature dependence of LO phonon
sidebands of free excitons in ZnO is presented. The Segall
Mahan theory taking exciton-LO phonon and exciton-photon
coupling into account is employed here to quantitatively
interpret experimental spectra in a wide temperature range.
The effective mass of heavy holes in ZnO is then deter-
mined. Despite this, the new finding still calls for further
investigations on the excitonphonon interactions in ZnO.
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